I. INTRODUCTION

P
OLARIZATION beam splitters are important integratedoptic devices in fiber sensors and coherent optical communication systems. Polarization splittings can be realized by either manipulating different beat lengths for two polarizations [1] - [4] , by designing the waveguides optically identical for one polarization while nonidentical for the other [5] - [9] , or by employing resonant tunneling that inserts a middle high-index layer as the tunneling layer allowing complete coupling for one polarization while preventing coupling for the other [10] .
The first polarization beam splitter based on an antiresonant reflecting optical waveguide (ARROW) structure has been demonstrated in [11] . In comparison with conventional waveguides, ARROWs feature large core sizes compatible to those of fibers [12] . For dual ARROW configurations, remote coupling is feasible [13] , [14] , and a novel power divider and a hybrid coupler can be realized by simply varying the air-cladding layer thickness as well [15] , [16] . Besides, an ARROW-B has been proposed for polarization-insensitive waveguiding [17] , and its structure is capable of sustaining the fundamental modes of both polarizations while higher order modes are effectively filtered out due to large propagation losses. In this paper, based on the features of ARROW and ARROW-B structures, three different structures of polarization beam splitters are presented, and the finite-difference beam propagation method (FD-BPM) simulation is applied to verify the designs. The first polarization beam splitter is based on basic ARROW and ARROW-B waveguides. The device structure and operating principles are presented, an example is given to demonstrate the design, and the crosstalk is calculated. Since the device length is a multiple of the coupling lengths, a modified structure whose coupling lengths are relatively short will be more attractive. It has been found that the degree of symmetry as well as the coupling length of a dual ARROW can be tuned by varying the air-cladding thickness [16] . Based on this, we propose a polarization beam splitter based on an adiabatically tapered ARROW structure. The eigenmode expansion method is applied to analyze and optimize this kind of structure with step discontinuities. Nonetheless, the device length could be dramatically shortened if the polarization splitting can be achieved during a single coupling process. This concept is utilized in the third polarization beam splitter, which is based on an asymmetric ARROW structure.
II. POLARIZATION BEAM SPLITTER BASED ON BASIC ARROW AND ARROW-B WAVEGUIDES
It is known that one of the features of a conventional ARROW as shown in Fig. 1(a) is that only TE-polarized waves can propagate without significant losses since the reflectivities of TM-polarized waves from Fabry-Pérot cavities are relatively low [12] . However, an ARROW-B structure has been proposed for polarization-insensitive waveguiding [17] . In contrast to conventional ARROWs, the refractive index of the first cladding in an ARROW-B is lower than that of the core, as shown in Fig. 1(b) . Since this layer is so thin that frustrated total internal reflections occur, the evanescent field can reach the second cladding layer, which satisfies the transverse antiresonance condition (discussed below). Because the total internal reflection dominates the overall reflection, the reflectivity in an ARROW-B is less polarization dependent than that in a conventional ARROW. The structure with losses lower than 0.5 dB/cm for the fundamental modes (TE 0 and TM 0 ) and higher than 10 dB/cm for all other higher order modes has been demonstrated [17] . The structure of the polarization beam splitter based on combining the mentioned features of conventional ARROW and ARROW-B waveguides is shown in Fig. 2 . When an optical beam comprised of both polarizations is launched at core 1, the fundamental even and odd modes for the both polarizations are equally excited, and the cumulated phase differences between the two fundamental modes for TE and TM waves are
respectively. k 0 is the free-space wavenumber, L is the device length, and N is the real part of complex effective indices. The subscripts of N denote the polarization and mode, respectively, e.g., N TE,e denotes the real part of the effective index of the even mode for the TE polarization. To separate TE-and TMpolarized waves, L is adjusted to make m and l in (1) and (2) one even integer while the other odd. Subtracting (1) from (2), we get
We can solve L from (3) by setting s as an odd integer, and then substitute the derived L back to (1) and (2) to check if m and l are both integers. With the operating wavelength λ = 0.6328 µm, we exploit Si, SiO 2 , SiON, and NA45 glass as the material system to demonstrate the design. With Si (n = 3.50) being the substrate, NA45 glass (n = 1.54) acts as the guiding layers (core 1 and core 2), the separation layer, and the cladding layers, and SiO 2 (n = 1.46) acts as the low-index cladding layers. That is, n s = 3.50, n g 1 = n g 2 = n sep = n c 1 = n c 2 = 1.54, and n l 1 = n l 2 = 1.46. The corresponding thicknesses for core 1 and core 2 are chosen to be 4 µm to have efficient coupling with fibers [15] , [18] and 2 µm for the cladding layers and the separation layer to attain the transverse antiresonance condition [12] , i.e.,
where j = h, sep, c 1 , and c 2 . Q j is the order of antiresonant condition and can be chosen arbitrarily. The thicknesses of the low-index layers d l 1 and d l 2 are both chosen as 0.3 µm such that only the fundamental even and odd modes for both polarizations can propagate without significant losses (<0.5 dB/cm) while all other higher order modes are filtered out due to large propagation losses (>10 dB/cm). The crosstalk of the polarization beam splitter can be defined as
where P 1 and P 2 are the output powers at core 1 and core 2, respectively. To have the crosstalk as small as possible, i.e., to have m and l exact integers, the choice of the high-index cladding layer n h is the major concern since n h is the dominant factor of (∆N TM − ∆N TE ). With the SiON technology, which can vary the refractive index of SiON from 1.45
, we continuously vary n h from 1.58 to 1.98 with corresponding thicknesses and solve (1) and (3). A solution diagram can be constructed as shown in Fig. 3 , whose right axis is the m value in (1). It is shown that solutions with m ranging from 2 to 7 are adequate choices. With the corresponding n h , the polarization splitting with crosstalks for both polarizations approaching zero is attainable since m and, thus, l are taken as exact integers. In real cases, the exact solutions of n h might be hard to realize, thus a reasonable value around the exact solution should be chosen. The coupling length can be determined as
where the subscript p denotes the polarization, and the device
, and thus, crosstalks for both polarizations are zero. As a design example, we choose the solution with m = 3, and then n h ≈ 1.648. For a reasonable choice of n h , we take n h = 1.65, and the corresponding thickness is d h = 0.265 µm. It is found that L C,TE ≈ 8.76 mm and L C,TM ≈ 6.52 mm. Choosing the device length L as 4L C,TM ≤ L ≤ 3L C,TE , the crosstalks for both polarizations can be kept below −30 dB within a broad range (≈ 120 µm), as depicted in Fig. 4 .
The FD-BPM is applied to verify the design. In either polarization, a unit-power wave composed of the superposition of the even and odd modes is launched at core 1. Based on Fig. 4 , the device length is chosen as 26.16 mm, and the power evolution profiles of TE-and TM-polarized waves are shown in Fig. 5(a) and (b), respectively. Since the propagation losses of the fundamental modes are lower than 0.07 dB/cm for TEpolarized waves and around 0.3 dB/cm for that of TM, the insertion loss of the device for the TM polarization (≈ 0.75 dB) is considerably higher than that for TE (≈ 0.17 dB).
III. POLARIZATION BEAM SPLITTER BASED ON ADIABATICALLY TAPERED ARROW
As described in the preceding section, the device length is somewhat lengthy for integrated optics due to the relatively long coupling lengths, which correspond to the small difference between the effective indices of the fundamental even and odd modes. In this section, a novel type of polarization beam splitter with reduced device length is proposed. Based on our previous investigations, in dual ARROWs, the effective indices of fundamental even and odd modes for TE polarization are dependent on the air-cladding thickness [15] , [16] . In fact, the same characteristics also occur on TM polarization. Thus, by tapering the air-cladding layer, the value of (∆N TM − ∆N TE ) in (3) can be increased to have a shorter device length.
The configuration of the polarization beam splitter Fig. 6 . The structure along the z-axis is symmetric about the A-A section. The air-cladding layer is adiabatically tapered from the input end, which possesses a high degree of symmetry, to the tuned region, whose length is to be adjusted, and then adiabatically tapered again to the output end. In contrast to original dual ARROWs [15] , an additional Fabry-Pérot cavity is inserted in between core 2 and the substrate for the sake of sustaining the fundamental even and odd TM modes while still keeping higher order modes with large propagation losses.
The tapering angle of the air-cladding layer must be made gradual enough to attain the adiabatic condition, i.e., making sure that no significant mode conversion occurs. This adiabatic condition is analyzed using the eigenmode expansion method by modeling the tapered structure as a series of staircases with small and abrupt discontinuities [16] .
When an optical beam containing TE and TM polarizations is launched at core 1, assuming the perfect adiabatic condition, the cumulated phase differences of the fundamental even and odd modes for both polarizations are
where Φ 1,TE and Φ 2,TE are the cumulated phase differences experienced in the first and second tapered regions for TE waves, respectively, and Φ 1,TM and Φ 2,TM are those for TM waves. Since the two tapered regions are identical, Φ 1,TE = Φ 2,TE ≡ Φ TE and Φ 1,TM = Φ 2,TM ≡ Φ TM . L and ∆N denote the length and the effective index difference of the tuned region, respectively, and the others are defined as those in Section II. For acquiring the separation of TE and TM waves, L must be adjusted to make m and l in (7) and (8) one even integer while the other odd. Subtracting (7) from (8), we have
We solve L from (9) by setting s as an odd integer, and then substitute the derived L back to (7) and (8) to check if m and l are integers. For optimizing the design, i.e., to make the device length as short as possible, we have to make (∆N TM − ∆N TE ) as large as possible while still keeping m and l both integers. Since the adiabatic condition is dependent on the air-cladding layer thickness of the tuned region, after choosing a tapering angle and adjusting the air-cladding layer thickness to minimize the device length, we have to check if the adiabatic condition is still preserved.
Similar to the previous section, we exploit Si, SiO 2 , and a glass mixture (SiO 2 and BaO) as the material system of the design example. With Si being the substrate (n s = 3.50), SiO 2 acts as the guiding layers, the separation layer, and the low-index layers (n g 1 = n g 2 = n sep = n l 1 = n l 2 = 1.46), and the glass mixture acts as the high-index layers (n h 1 = n h 2 = 1.50). Choosing d g 1 = d g 2 = 4 µm, the corresponding thickness of each layer is determined from (4), i.e., d l 2 = d sep = 2 µm and d h 1 = d h 2 = 0.448 µm. To make the device possess a high degree of symmetry at the input end, the thickness of the air-cladding layer d l 1 has to be adjusted. Fig. 7 shows the modal power ratio of the fundamental even and odd modes between two cores versus the air-cladding layer thickness for both polarizations. It is observed that the optimum thickness is 1.91 µm for the TE polarization and 1.97 µm for that of TM. Since throughout the device, the odd mode experiences a little larger propagation loss than the even mode, we can choose d l 1 = 1.91 µm in the design example, and the deviation of the power symmetry for TM modes could be some- what compensated from the loss difference between even and odd modes. In conventional dual ARROWs, only the fundamental even and odd TE modes can propagate with negligible losses; all TM modes, even the fundamental ones, are not propagable due to the relatively small reflectivities from the Fabry-Pérot cavity. Therefore, an additional Fabry-Pérot cavity is inserted to sustain the fundamental even and odd TM modes while still keeping other modes leaky enough. As shown in Table I , for both polarizations, only the fundamental even and odd modes (modes 0 and 1) possess sufficiently low losses and high excitation efficiencies. Note that the excitation efficiencies are calculated with a Gaussian beam input. The major design issue is the adiabatic condition of the tapered region. For analysis convenience, the tapered region is modeled as 2000 staircases with small and abrupt discontinuities. To determine the adiabatic invariance condition versus different tapering angles, we apply the eigenmode expansion method and launch only the fundamental even mode into the input end of the tapered region. If we express the field distribution as the superposition of the fundamental even and odd modes with corresponding expansion coefficients [16] , then (10) where u(x) is the field distribution of the local normal mode, β is the propagation constant, and a e and a o are the expansion coefficients of the fundamental even and odd modes, respectively. Then, the input condition can be written as [a e a o ] = [1 0]. The output mode coefficients for TE and TM polarizations are shown in Fig. 8 . Note that the results are derived from the fact that the air-cladding layer is tapered from the input end with d l 1 = 1.91 to 0 µm. As depicted in Fig. 8 , with the tapering angles below 0.035
• for the TE polarization and 0.04 • for that of TM, there will be no significant mode conversion occurring (i.e., a o < 0.1); thus, we can arbitrarily choose α = 0.025
• in this design example.
Afterward, the air-cladding layer thickness to which we taper from the input end is adjusted for minimizing the device length. Solving (7) and (9), we construct the solution diagram shown in Fig. 9 . It can be found that with tapering the air-cladding layer to 0.153 µm, the optimum device length is 8.67 mm, where the tuned-region length is 615 µm. Under this condition, the fundamental even and odd modes for the TE polarization are out of phase at the output end (m = 5); that is, the output power for the TE polarization mainly resides at core 2, while that for TM at core 1 (l = 6). Fig. 10 illustrates how the effective indices evolve along the device for both polarizations, respectively. The area between the two lines multiplying k 0 is just the cumulated phase difference between the even and odd modes and is 5π for TE-polarized and 6π for TM-polarized waves, respectively. Fig. 11 shows the mode coefficients versus air-cladding layer thickness with tapering angle α = 0.025
• . It can be seen that a o is below 0.1 for either of both polarizations; that is, the adiabatic condition of the tapered region is preserved. The FD-BPM simulation is applied to verify the design again. In either polarization, a unit-power wave composed of the superposition of even and odd modes is launched at core 1. The power evolution profiles for the TE-and TM-polarized waves are shown in Fig. 12 . As calculated from the results, the insertion losses for TE and TM polarizations are around 0.04 and 0.37 dB, respectively, and the crosstalks of TE and TM waves are both approximately −20 dB. These somewhat high crosstalks are mainly attributed to the inexactly adiabatic condition of the tapered regions.
IV. POLARIZATION BEAM SPLITTER BASED ON ASYMMETRIC ARROW
Although the idea of employing an adiabatically tapered ARROW structure can successfully shorten the device length of polarization beam splitters, the relatively high insertion loss difference between TE and TM polarizations, which is due to the inherent propagation loss difference of ARROW structures, is still an undesirable characteristic. If the polarization splitting can be accomplished during a single coupling process, not only the device length can be further minimized, but the insertion loss difference between polarizations will decrease as well. In this section, a polarization beam splitter based on an asymmetric dual ARROW waveguide is presented. With a suitable design, the two constituent ARROWs of this dual ARROW can be made optically identical for one polarization (TE) and nonidentical for the other (TM). That is, TE-polarized waves can couple between the two cores but TM waves cannot. By adjusting the device length as the coupling length of the TE polarization, the polarization splitting can be achieved.
We first consider a single ARROW structure (named ARROW 1) based on a material system of air/SiO 2 /glass mixture/SiO 2 /TiO 2 /SiO 2 /Si with layer indices of 1.000/ 1.460/1.500/1.460/2.300/1.460/3.500. The corresponding thicknesses of inner layers are 2.000/0.448/4.000/0.089/ 2.000 µm. As shown on the far right of Fig. 13 (d l 1 =  2 .000 µm), the fundamental mode indices for both TE and TM polarizations are found to be approximately equal. As the air-cladding layer thickness d l 1 decreases (to the left of Fig. 13) , the difference between the effective indices of TE 0 and TM 0 becomes more significant. Then consider another single ARROW structure (ARROW 2) with the core index increased by 0.001 and the thicknesses of all layers adjusted correspondingly. When d l 1 of ARROW 2 approaches zero and that of ARROW 1 remains at 2.000 µm, it can be seen that the TE 0 mode indices of ARROW 1 and ARROW 2 are almost matched, whereas those of TM 0 are separated with a large gap.
Based on this concept, we combine these two individual ARROWs to form a dual waveguide for polarization splitting, as illustrated in Fig. 14 . The refractive index profile is 1.000/1.500/1.461/1.500/1.460/1.500/1.460/2.300/1.460/3.500, where the corresponding thicknesses of inner layers are 0.453/4.000/0.448/2.000/0.448/4.000/0.089/2.000 µm. The field distributions of the fundamental even and odd modes for TE and TM polarizations are plotted in Fig. 15(a) and (b), respectively. It is expected that the maximum coupling efficiency for TE polarization would be C 0,TE ≈ 100%, whereas that for TM would be C 0,TM ≈ 0% [15] . When an optical beam containing both polarizations is launched into core 1, for the TE polarization, the fundamental even and odd modes are both excited, whereas for the TM polarization, only the fundamental even mode will be highly excited. Therefore, choosing the device length L as the beat length of the fundamental even and odd modes for the TE polarization, i.e., L = λ/(2|N TE,e − N TE,o |) = 1919 µm, the power of the TE-polarized wave will couple into core 2, whereas that of the TM-polarized wave will still remain at core 1, and polarization splitting is obtained. Fig. 16(a) and (b) shows the BPM simulation results of the power evolution profiles for TEand TM-polarized waves, respectively.
It is understood that the variation of n g 2 might be the dominant design concern. To investigate the allowed tolerance of the device on n g 2 , the crosstalks for TE and TM polarizations are used as a measure, as depicted in Fig. 17 . For good polarization discrimination with crosstalks below −20 dB, it appears that the stringent tolerance of ±1.5 × 10 −5 for n g 2 is required. On the other hand, one feature of the device is its relatively short device length, and the length is short enough, so that the power leakage of the TM-polarized wave is relatively small (≈0.4 dB) and close to that of the TE wave as well.
V. CONCLUSION
Three different configurations of ARROW polarization beam splitters are proposed. The operating schemes are of two types: one is creating a difference of the beat length in two polarization states (the first two cases), and the other is designing two waveguide channels optically identical for one polarization while nonidentical for the other (the third case).
Basically, the following characteristics of conventional ARROW and ARROW-B have been exploited in implementation of polarization splitting scheme: 1) the capability of ARROW-B structures in sustaining the power of TM-polarized waves, 2) the different reflectivities of TE-and TM-polarized waves confronting the Fabry-Pérot cavities, and 3) the dispersion relation between the fundamental mode index and the air-cladding layer thickness of an ARROW. Features 1 and 2 are utilized in the first case for polarization splitting. However, the drawbacks are its relatively lengthy dimension and large difference in insertion losses for two polarizations. In the second design, based on a dual ARROW configuration, we utilize feature 3 for polarization splitting by tapering the thickness of the air-cladding layer. The major requirement is that the tapering should be gradual enough to meet the adiabatic invariance condition. For the third type, also on the basis of a dual ARROW, we manipulate the upper waveguide and utilize feature 3 to achieve polarization splitting. However, the output field profile of one polarization is somewhat deviated. An approach by a tapered ARROW could be applied to resume the profile.
In summary, the lengths of the proposed devices range from about 26 mm to less than 2 mm, and the crosstalks of both polarizations below −20 dB are retained. Among the three polarization beam splitters, the concept of the first one is most straightforward, whereas its relatively long length and large insertion loss difference limit its usability. The second device can successfully reduce the length through a somewhat complicated design flow and a little extra effort to control the tapering. For the third case, not only the device length is shortest, but the losses are lowest as well. Although realizing the designs experimentally may raise some concerns over the tolerance, the FD-BPM has been applied for the verification of each design, and the simulation results have indicated that the presented devices are feasible.
